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The highly-conserved, commonly used MAP kinase signaling cascade plays multiple integral roles in germline development in Caenorhabditis
elegans. Using a functional proteomic approach, we found that the transcription factor DPL-1, a component of the LIN-35(Rb)/EFL-1(E2F)/
DPL-1(DP) pathway, is a candidate phosphorylation substrate of MAP kinase. Moreover, dpl-1 genetically interacts with mpk-1(MAP kinase) to
control chromosome morphology in pachytene of meiosis I, as does lin-35. However, EFL-1, the canonical DPL-1 heterodimeric partner, does not
have a role in this process. Interestingly, we find that DPL-1 and EFL-1, but not LIN-35, promote the expression of a negative regulator of MPK-1,
the MAP kinase phosphatase LIP-1. Two E2F consensus motifs are present upstream of the lip-1 open reading frame. Therefore, the Rb/E2F/DP
pathway intersects with MAP kinase signaling at multiple points to regulate different aspects of C. elegans germ cell development. These two
highly conserved pathways with major regulatory roles in proliferation and differentiation likely have multiple mechanisms for cross-talk during
development across many species.
© 2008 Elsevier Inc. All rights reserved.Keywords: C. elegans; Germline; MAP kinase; LIP-1 phosphatase; E2F/DPIntroduction
The receptor tyrosine kinase (RTK)/mitogen-activated
protein kinase (MAPK) signaling cascade is an evolutionarily
conserved signaling module used by cells to transduce
extracellular signals into intracellular responses. The canonical
ERK (extracellular signal-regulated kinase) MAPK cascade is
composed of three sequentially acting protein kinases, RAF,
MEK and MAP kinase (MAPK). This signaling module has a
myriad of effector functions and regulates diverse cellular
processes including chromatin remodeling, cytoskeletal reorga-
nization, cell proliferation, cell differentiation and apoptosis
(Lewis et al., 1998). One distinguishing characteristic of
MAP kinase signaling in metazoans is that, even when the
core signaling components are the same, the outcome of the
signaling can differ depending on cell type (Tan et al., 1998;⁎ Corresponding author.
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2006). One reason for this functional diversity is that MAP
kinase can have distinct phosphorylation substrates in different
cell types, which in turn promote a cell-specific response (e.g.
Tan et al., 1998). These substrates have been difficult to identify
through traditional genetic screens, likely due to functional
redundancy.
During Caenorhabditis elegans development, ERK-like
MAP kinase signaling plays an important role in multiple
aspects of somatic development, including vulval induction, sex
myoblast migration, and apoptosis (Wu and Han, 1994;
Sundaram et al., 1996; Gumienny et al., 1999) MAP kinase
signaling also acts at multiple stages of germline development.
Germ cells require MAP kinase signaling to proceed through
the pachytene stage into diakinesis in meiotic prophase I
(Church et al., 1995). A strong loss-of-function mutation in any
of the core signaling components, let-60 (RAS), lin-45 (RAF),
mek-2 (MAPKK), and mpk-1 (MAPK) causes germ cells to
arrest in pachytene and exhibit an aberrant, condensed DNA
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vates MAP kinase signaling to promote ovulation of the
maturing oocyte in the proximal gonad (Miller et al., 2001).
Activated, di-phosphorylated MAP kinase is detectable in a
dynamic pattern consistent with these two functions in wild type
hermaphrodites. An antibody specific for the activated form of
MAP kinase is first detectable at the mid- to late-pachytene
region of the gonad, where pachytene arrest occurs in mpk-1
mutants (Hajnal and Berset, 2002). Staining of di-phosphory-
lated MAP kinase rapidly disappears as germ cells exit the
pachytene stage and enter the diplotene/diakinesis phase of
meiotic prophase I. This disappearance is mediated by the
action of the dual-specificity (serine and threonine) phosphatase
LIP-1 (Hajnal and Berset, 2002). Activated MAP kinase
becomes detectable again in the most proximal oocytes under-
going maturation prior to ovulation (Hajnal and Berset, 2002).
MAP kinase is once again inactivated in the zygote immediately
following fertilization (Miller et al., 2001). Thus MAP kinase
signaling is both positively and negatively regulated at distinct
locations in the gonad during different stages of germ cell
development.
Another pathway that acts in germ cells is the Rb/E2F
pathway. In C. elegans, LIN-35(Rb) binds to the heterodimeric
transcription factor E2F, which is composed of two subunits
EFL-1 and DPL-1 (Ceol and Horvitz, 2001). In somatic tissues,
these three proteins appear to act coordinately to repress
expression of target genes (reviewed in Fay and Yochem, 2007).
The Rb/E2F pathway clearly has a different role in the germ
line, as EFL-1 and DPL-1 mostly promote gene expression, and
do so independently of LIN-35(Rb), which appears to act
primarily to repress gene expression (Chi and Reinke, 2006).
DPL-1 and EFL-1 promote oogenesis and early embryogenesis
by increasing the expression of a set of genes required for these
developmental programs (Chi and Reinke, 2006). DPL-1 is
widely expressed in germ cells (Ceol and Horvitz, 2001), while
its binding partner EFL-1 is restricted to the mid-pachytene
stage of meiosis I (Page et al., 2001), close to the location of
activated, di-phosphorylated MAP kinase (Leacock and Reinke,
2006). Thus, the relationship of the Rb/E2F transcriptional
regulatory pathway to MAP kinase signaling in the gonad is of
interest because both of these major regulatory pathways appear
to act in the same general region of the germ line. Comparisons
of genes regulated by E2F have little overlap with those
regulated by MAP kinase activity, suggesting that the pathways
are independent (Leacock and Reinke, 2006). However, EFL-1
and DPL-1 are required for downregulation of active MAP
kinase in diplotene and early diakinesis (Page et al., 2001),
suggesting an antagonistic relationship, although the mechan-
ism underlying this downregulation is unknown.
To obtain a broad view of the functions of MAP kinase in
the development of the germ line, we performed a functional
proteomic screen to identify the phosphorylation substrates of
MAP kinase that mediate meiotic progression of germ cells. We
focused on transcription factors because they are typically
primary phosphorylation targets of MAP kinase in the nucleus
(Treisman, 1996). Our biochemical studies indicate that one of
the phosphorylation targets of MAP kinase is DPL-1, a subunitof the E2F heterodimer. We demonstrate that the activity of
dpl-1, but not efl-1, is required for the aberrant pachytene
nuclear morphology seen in mpk-1(MAP kinase) mutants,
suggesting that dpl-1 functions independently of efl-1 at this
stage of germ cell development. We also find that dpl-1 and
efl-1 act together at a slightly later stage of germ cell
development to promote the expression of lip-1, which encodes
a MAP kinase phosphatase, providing a likely mechanism for
the ability of E2F to downregulate MAP kinase activity in the
proximal germ line. Thus, the MAP kinase and Rb/E2F path-
ways intersect at multiple points to regulate different aspects of
germ cell development.
Materials and methods
Strains, alleles and genetic analysis
Nematode strain maintenance and genetic manipulation were carried out
as described (Brenner, 1974). The following mutations were used: LG II:
unc-4(e120)/mnC1, dpy-10(e128), unc-52(e444), dpl-1(n3316), dpl-1(n3643),
dpl-1(n2994), dpl-1(n3380), lip-1(zh15); LG III: unc-79(e1068), mpk-
1(ga111); LG V: efl-1(n3318). The Bristol strain N2 was used as the wild
type. Strains were maintained at 20 °C unless stated otherwise. To synchronize
worms, 8 to 12 well-fed young adult hermaphrodites were picked to a seeded
NGM plate (60-mm diameter) and allowed to lay eggs for 2 h at room
temperature. The hermaphrodites were dissected and eggs were transferred to
experimental temperature conditions. Unless specified otherwise, all pheno-
typic characterizations were performed on hermaphrodites 24 h post L4/adult
molt.
Protein expression and MAP kinase assay
The 181 candidate targets are listed in Supplementary Table 1. Gateway
cloning was used throughout this project (Invitrogen, Carlsbad, CA, USA).
Approximately half of the cDNA clones were provided in the Gateway Entry
vector pDONR201 by the lab of Marc Vidal from the ORFeome project
(Walhout et al., 2000), and the rest were amplified by RT-PCR from mixed
stage hermaphrodite worm RNA using gene specific primers containing
Gateway recombination sites, and then cloned into the pENTRY-D vector
according to protocols from Invitrogen. Confirmed cDNAs were recombined
into a destination vector pLBQ28 (derivative of pDEST10, Invitrogen) that
permitted expression in insect Sf9 cells (map of pLBQ28 available upon
request). These destination vectors were then recombined into a bacmid
according to provided protocol from Invitrogen. Recombinant bacmids were
used to transfect cultured Sf9 cells with Cellfectin (Invitrogen). Virus
titration, duration of infection, and protein expression levels were monitored
and optimized in an attempt to ensure that the majority of target proteins
were expressed and harvested. Crude cell lysate was prepared and
supernatant was collected according to protocols from Invitrogen.
The in vitro kinase assay was performed in a 25-μl final volume containing
40 mM HEPES (pH 7.5), 25 mM magnesium acetate, 100 mM potassium
glutamate, 2.5 mM EGTA, 2 mM DTT, 0.01% NP-40 and 10% glycerol. We
used 5 μl supernatant (up to 500 ng of protein) from crude lysate preparation as a
substrate in the initial kinase assay. ERK2 kinase (25 ng) was used according to
supplier's protocols (NEB, Ispwich, MA). Reactions were carried out at 30 °C
and stopped after 1 h by the addition of SDS-PAGE loading buffer.
The preliminary candidates were interpreted according to SDS-PAGE
profiles as described in the text. Preliminary positive candidate proteins were
then purified from cell lysate via the 6xHIS tag through Ni-NTA resin, and
100 ng purified protein was used in a kinase assay. For validation of the
putative targets in the E. coli expression system, we cloned the cDNA into
pGEX4T, a vector that fuses 6xHIS and GST to the C-terminus of the target
protein (GE Healthcare, Piscataway, NJ). We then performed tandem affinity
purification of the fusion protein first via the GST tag interaction with
glutathione agarose, followed by the 6xHIS tag. The kinase assay was then
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Immunofluorescence, in situ mRNA hybridization and imaging
Extruded gonads were used for mRNA in situ hybridization and
immunochemistry. in situ hybridization was performed as described (Jones
et al., 1996). DNA was amplified from full-length lip-1 cDNA cloned into the
pCR2.1 vector (Invitrogen). PCR products were purified twice from agarose
gels and used as templates (0.8 μg) to generate digoxigenin-labeled probes.
Sense and antisense probes were prepared using single primer extension and
then ethanol precipitated and resuspended in 400 μl of hybridization buffer.
Probes were diluted 2×, and hybridized to dissected gonads at 48 °C for 24 h.
Alkaline-phosphatase-conjugated anti-digoxigenin was used to visualize the
mRNA.
For immunostaining, gonads were attached to microscope slides by liquid
nitrogen immersion followed by freeze-crack removal of the coverslip, fixed
with 3.7% formaldehyde in 0.1 M phosphate buffer (pH 7.2) for 5 min followed
by immersion in (−20 °C) methanol for 1 min. Antisera α-ERK2 (1:100, Sigma)
and α-LIP-1 (1:100, gift from J. Kimble), incubation and washes were
performed as described (Kelly et al., 2002). Measurement of the distance from
the distal tip to the first evidence of expression of lip-1 mRNA or LIP-1 protein
was performed using Axiovision (Zeiss) software measurement tools. The first
evidence of LIP-1 protein expression was defined as the occurrence of cell
membrane staining (hexagonal shapes) punctuated with small foci. The diffuse
background staining seen in the distal tip of wild type animals persists in the
lip-1 mutant background and is non-specific.
RNAi
RNAi was performed essentially as described (Tabara et al., 1999). efl-1
cDNA was cloned into pL4440 vector and T7 promoter sequence was used as
primer for PCR. PCR products were purified from agarose gels and used as
templates for in vitro transcription using T7 RNA polymerase. The dsRNAs
were precipitated by ethanol and pellet was resuspended to 2 μg/μl. The multiple
cloning site of the pL4440 vector was similarly amplified and transcribed and
used as control dsRNA. Injected young adult hermaphrodites were recovered,
and eggs laid for the first 16 h after recovery were discarded. Then F1 eggs were
collected at 12-h intervals and cultured at the experimental temperature. F1
progeny were used at young adult stage for in situ hybridization and
immunochemistry.
RT-PCR
Fifty gonads were dissected in 1× egg salts and 0.1% Tween 20. To prevent
RNA degradation, 1 μL of RNase inhibitor (GE) was added to the dissection
buffer before dissection. Total RNA was isolated in TRIzol (Invitrogen) and
precipitated with isopropranol. Each 25 μL RT reaction contained 0.2 μg of total
RNA, anchored polyT oligonucleotide, dNTPs and the reverse transcriptase
OmniScriptase(Qiagen). PCR was conducted on 1 μL of RT reaction as template
in a 50-μL PCR reaction. Primers used to amplify 405 bp lip-1 sequence are:
forward, CCAACTCCGATTGGAAGGTGAA; reverse, GAACCCATTCGTA-
GGCAGAATCA. Hexokinase was used as internal control.
Results
The C-terminus of DPL-1 is phosphorylated by MAP kinase in
vitro
The C. elegans MAP kinase MPK-1 becomes highly active
in mid-pachytene, where it enables the germ cell transition from
the pachytene stage to diakinesis (Church et al., 1995;
Supplementary Fig. 1). To identify candidate phosphorylation
targets of MAP kinase that might play a role in this process,
we employed a functional proteomic screen. We selected 181putative candidate factors from the C. elegans genome
(Supplementary Table 1), using three criteria. First, the
expression levels of these genes are enriched in the germ line
based on prior expression profiling experiments (Reinke et al.,
2001). Second, proteins encoded by these genes likely bind
DNA and/or regulate gene expression, based on sequence
identity. Third, the encoded proteins have one or more MAP
kinase consensus motifs, [P]X[S/T]P (Clark-Lewis et al., 1991).
We chose LIN-1 and LIN-31 as positive controls (Tan et al.,
1998) and 16 factors that meet the first two criteria but not the
third as negative controls. To effectively express these 199
proteins, we cloned the corresponding open reading frames into
a Gateway vector designed to express His-tagged factors in a
baculovirus system (Walhout et al., 2000; see Materials and
methods). We succeeded in cloning 179 of the 199 factors into
bacteria (90%), of which we achieved detectable expression for
137 (76%) in the baculovirus expression system, including 121
candidates, 15 negative controls, and the positive control LIN-1
(Supplementary Table 1).
To rapidly identify candidate MAP kinase phosphorylation
substrates, we independently transfected insect Sf9 cells with
each candidate, and subjected crude cell lysates to an in vitro
kinase assay using the murine MAP kinase ERK2. ERK2 can
functionally rescue the mpk-1 mutant phenotype in transforma-
tion experiments (Wu and Han, 1994), and has been used
previously to define MPK-1 phosphorylation substrates in
C. elegans (Tan et al., 1998). After subjecting the phosphory-
lated lysates to SDS-PAGE, we then examined each lane for the
presence of a band close to the expected size of the candidate
protein that was not present in untransfected Sf9 cell lysate.
Using this assay, we narrowed down our candidate proteins
from 121 to 25 (Supplementary Table 1). The corresponding
crude lysates were then subjected to affinity purification via a
6xHIS tag and re-tested in the in vitro kinase assay. Thirteen
proteins were still phosphorylated by ERK2 after purification.
Finally, we expressed 12 of the 13 proteins in an E. coli
expression system and successfully purified nine through
N-terminal 6xHIS and C-terminal GST tags. We repeated the
in vitro kinase assay using these bacterially-expressed and
purified proteins to validate our previous baculovirus expres-
sion results. Six of the nine successfully re-tested as in vitro
substrates of MAP kinase. Throughout these assays, the nega-
tive control(s) never exhibited ERK2-dependent phosphoryla-
tion, whereas LIN-1 was always positive.
One of these six targets, DPL-1, the C. elegans ortholog of
the mammalian E2F heterodimerization partner DP, was of
particular interest (Ceol and Horvitz, 2001). We expressed and
purified the C-terminal amino acids (294 to 598) of DPL-1,
which include four putative MAP kinase phosphorylation sites,
from E. coli via the HIS and GST tags (Figs. 1A, B). This
recombinant protein can be phosphorylated in vitro by
activated murine ERK2, but not a kinase-dead version (Fig.
1C, lanes 2 and 3). Moreover, the phosphorylation can be
removed by PP1, a phosphoserine/phosphothreonine-specific
phosphatase (Fig. 1C, lane 4), suggesting that phosphorylation
likely happens at one or more serine or threonine residues in
DPL-1.
Fig. 1. DPL-1 is phosphorylated by ERK2 in vitro. (A) SDS-PAGE of DPL-1 expressed in E. coli, first affinity purified by 6xHIS tag (H), and then successively
purified using a GST tag (H+G). (B) Corresponding western blot with an anti-6xHIS antiserum. (C) SDS-PAGE of in vitro kinase assay. DPL-1 does not auto-
phosphorylate (lane 1), is not phosphorylated by inactivated ERK2 (lane 2), but is phosphorylated by activated ERK2 (lane 3). The serine/threonine phosphatase PP1
removes the phosphate(s) from DPL-1 (lane 4). The lower band in these lanes is likely to be a degradation product of DPL-1, as it does not appear in lanes lacking
DPL-1, is dependent on ERK2 activity, and can be reversed by PP1 phosphatase. Positive controls include LIN-1(lane 5) and myelin basic protein (MBP) (lane 6);
K01G5.1 (a protein lacking MAP kinase phosphorylation consensus site and likely expressed in the germ line) is used as negative control (lane 7).
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mutants requires dpl-1
To determine the potential biological relevance of the in vitro
phosphorylation of DPL-1 by MAP kinase in germ cells, we
investigated whether the individual phenotypes of mpk-1 or
dpl-1 mutants were affected by altering the activity of both
genes simultaneously. The mpk-1(ga111) mutant is tempera-
ture-sensitive. mpk-1(ga111) worms raised at the restrictive
temperature of 25 °C are completely sterile due to a failure to
exit from the pachytene stage of meiosis I (Lackner and Kim,
1998; Leacock and Reinke, 2006). dpl-1(n3316) mutant
animals do not have obvious defects in progression through
pachytene, but are sterile because oocyte maturation, ovulation
and fertilization are defective (Ceol and Horvitz, 2001; Chi and
Reinke, 2006). When we examined dpl-1(n3316); mpk-1
(ga111) double mutant animals, we found that they exhibited
a pachytene arrest similar to that of mpk-1(ga111) single
mutants, and were still sterile. However, we noticed a striking
change in the appearance of chromosomes in the pachytene
stage. In wild type, pachytene germ nuclei are well organized in
rows along the long axis of the gonad, and aligned chromosome
homologs are clearly visible as long tracks at the surface of the
nuclei when stained with DAPI (Fig. 2). The pachytene
chromosome morphology of dpl-1(n3316) mutants appeared
similar to wild type, while N90% of mpk-1(ga111) mutants
raised at 25 °C had abnormal pachytene morphology, with
clumped chromosomes and aggregated, possibly degenerating,
nuclei that stained intensely with DAPI. In dpl-1(n3316);
mpk-1(ga111) double mutants, chromosome morphology
was greatly improved relative to mpk-1(ga111) mutants alone,and resembled that seen in dpl-1(n3316) single mutant animals
(Fig. 2).
To further investigate the chromosome morphology of these
mutants, we examined the expression and localization of the
synaptonemal complex (SC) protein HIM-3 (Zetka et al., 1999;
insets in Fig. 2). In wild type, HIM-3 colocalized along the
length of paired chromosomes in pachytene nuclei. In dpl-
1(n3316) mutant gonads, HIM-3 is still aligned with the
chromosomes in most pachytene nuclei, although its distribu-
tion along the chromosomes was not as even as in wild type. By
contrast, HIM-3 is no longer associated with the aggregated
chromosomes of mpk-1(ga111) gonads. Strikingly, concomitant
loss of dpl-1 activity greatly ameliorates this phenotype: HIM-3
staining of dpl-1(n3316); mpk-1(ga111) double mutant animals
is very similar to dpl-1(n3316) alone, consistent with the
improved DNA morphology, and suggesting that the chromo-
somes of the double mutant are now undergoing synapsis.
Thus, while the pachytene exit phenotype of mpk-1(ga111)
mutants is not affected by loss of dpl-1 activity, the aberrant
chromosome morphology phenotype is, suggesting that dpl-1
is only required for a specific aspect of the mpk-1 mutant
phenotype.
lin-35, but not efl-1, also regulates meiotic chromosome
morphology
dpl-1 has been shown to act in the same genetic pathway as
both efl-1 and lin-35. Additionally, the DPL-1 protein can
physically interact with both EFL-1 and LIN-35 proteins (Ceol
and Horvitz, 2001). Therefore, we asked whether either efl-1
and/or lin-35 are also required for the chromosome morphology
Fig. 2. Loss of dpl-1 or lin-35, but not efl-1, improves the chromosome morphology defect of mpk-1 mutants. Wild type, single mutant and double mutant
hermaphrodites were raised at 25 °C and gonads dissected and stained with DAPI and anti-HIM-3. Large panels show DAPI staining of the chromosomes; insets show
both DAPI (blue) and HIM-3 (red) staining.
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whether LIN-35(Rb) has any role in the chromosome
morphology defects seen in mpk-1(ga111) mutants. lin-
35(n2242) is likely to be a null allele (Lu and Horvitz, 1998)
and lin-35(n2242) animals raised at 25 °C display incompletely
penetrant sterility. Dissected gonads from lin-35(n2242)
animals stained with HIM-3 and DAPI showed that the
pachytene nuclear morphology of the mutant appears similar
to wild type (Fig. 2). In the lin-35(n2242); mpk-1(ga111)
double mutant, the chromosomes displayed greatly improved
morphology relative to the mpk-1(ga111) single mutant, and
appeared similar to the lin-35(n2242) mutant. Notably, lin-
35(n2242); mpk-1(ga111) animals exhibit the same pachytene
exit phenotype seen in mpk-1(ga111) single mutants. This
result suggests that LIN-35 may also act downstream or
independent of the MAP kinase pathway in regulating
pachytene chromosome architecture, potentially through an
interaction with DPL-1.We next used RNAi to reduce efl-1 transcript abundance in
wild type and in mpk-1(ga111) animals. efl-1(RNAi) mimics the
efl-1(n3318) mutant, displaying a similar phenotype of sterility
and embryonic lethality at N70% penetrance (Ceol and Horvitz,
2001). Injection of control dsRNA showed no effects, indicating
that efl-1(RNAi) is effective and specific. In addition, antibody
staining for activated MAP kinase demonstrated elevated di-
phosphorylated MAP kinase activity in the proximal gonads
from progeny of efl-1(RNAi) hermaphrodites but not in control
RNAi animals (Page et al., 2001; data not shown).
We examined the morphology of pachytene germ nuclei in
young adults via HIM-3 and DAPI staining in F1 progeny of
wild type and mpk-1(ga111) animals injected with efl-1 or
control dsRNA. Unlike dpl-1(n3316);mpk-1(ga111) double
mutants, the pachytene chromosome morphology of mpk-
1(ga111);efl-1(RNAi) hermaphrodites is very similar to that of
control mpk-1(ga111) animals (Fig. 2). This result indicates that
EFL-1 activity is not required for the chromosome morphology
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DPL-1 functions independently of EFL-1 in this process.
To ensure that the failure of efl-1(RNAi) to rescue the mpk-
1(ga111) chromosome morphology defect was not due to
residual efl-1 activity, we examined the ability of the efl-
1(n3318) mutant to rescue the mpk-1(ga111)-mediated chromo-
some morphology defect. The mpk-1(ga111); efl-1(n3318)
double mutant cannot be distinguished at early adulthood from
siblings that are mpk-1(ga111); efl-1(n3318)/+, so we examined
the offspring from mpk-1(ga111); efl-1(n3318)/+ hermaphro-
dites as a population. If rescue of the mpk-1 chromosome defect
occurs upon loss of efl-1, then 25% of the offspring should
exhibit improved chromosome morphology, corresponding to
the proportion of the population that is mpk-1(ga111); efl-
1(n3318). However, we found that only 5% (4/77) of the
offspring of mpk-1(ga111); efl-1(n3318)/+ hermaphrodites
exhibited greatly improved, pachytene chromosome morphol-
ogy. This finding is comparable to what is seen in mpk-1(ga111)
single mutants, which had a background level of “normal”
chromosome morphology of 6% (4/63) in this experiment.
These findings are consistent with what we observed using efl-
1(RNAi), and further support the likelihood that loss of efl-1 fails
to rescue the mpk-1 chromosome morphology defect.
Full expression of lip-1 mRNA in the gonad requires dpl-1
activity
Our cytological experiments suggest that DPL-1 and LIN-
35, but not EFL-1, work downstream of or in parallel to MAP
kinase signaling to regulate chromosome morphology at theFig. 3. DPL-1 is required for normal lip-1 mRNA levels. (A) In situ hybridization of l
wild type, lip-1(zh15) and dpl-1(n3316) dissected gonads. A sense probe was also u
stained in parallel with identical hybridization, color development, and image expo
distinguish gonad morphology. Asterisk indicates the distal end of gonad. (B) Semi
gonads for each genotype. Molecular marker (lane 1), wild type (lane 2), dpl-1(n331pachytene stage of germ cell development. However, previous
work has demonstrated a role for both dpl-1 and efl-1 upstream
of MAP kinase, in which dpl-1 and efl-1 negatively regulate
MAP kinase activity during oogenesis in the proximal gonad
(Page et al., 2001). To further clarify the relationship between
DPL-1 and MPK-1, we investigated the mechanism for how
DPL-1 and EFL-1 negatively regulate MPK-1 in the proximal
gonad. We hypothesized that, as transcriptional regulators,
EFL-1 and DPL-1 might promote the expression of a negative
regulator of MAP kinase. One of the best described negative
regulators of MAP kinase in C. elegans is the MAP kinase
phosphatase, LIP-1 (Berset et al., 2001). LIP-1 has been shown
to attenuate MAP kinase signaling in the proximal germ line,
and reduction of mpk-1 activity can rescue the sterility of a
lip-1 null mutant, lip-1(zh15) (Hajnal and Berset, 2002, and
Supplementary Fig. 2). In the distal portion of the gonad, lip-1
expression is promoted by Notch signaling, but kept at low
levels by FBF (Lee et al., 2006). However, the mechanisms
controlling lip-1 expression in the pachytene region or
proximal gonad, where it is known to inhibit MAP kinase,
are unknown.
To test whether lip-1 is regulated by dpl-1, we employed in
situ hybridization to examine the overall levels of lip-1 mRNA
in dissected gonads of wild type and dpl-1(n3316) mutant
animals. In the wild type germ line, lip-1 mRNA became
detectable at the transition zone, increased sharply at mid-
pachytene, and persisted into maturing oocytes before reducing
slightly in ovulating oocytes (Fig. 3A; Lee et al., 2006). This
pattern is similar to that of genes known to be targets of EFL-1
and DPL-1 (Chi and Reinke, 2006). In the dpl-1(n3316) nullip-1 in dissected gonads. A probe antisense to the lip-1 mRNAwas used to stain
sed to stain wild type to detect background hybridization. All genotypes were
sure times. DAPI staining is included below corresponding in situ images to
-quantitative RT-PCR of lip-1 mRNA levels using total RNA prepared from 50
6) (lane 3), lip-1(zh15) (lane 4). Hexokinase (hxk) was used as internal control.
Fig. 4. LIP-1 protein is reduced in dpl-1 mutant gonads. Representative
fluorescent micrographs of wild type, lip-1(zh15), and dpl-1(n3316) hermaph-
rodite gonads stained with anti-LIP-1 antibody. Asterisk indicates the distal end
of gonad.
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although the spatial expression pattern of the residual lip-1
transcript is unchanged (Fig. 3A). The residual lip-1 staining in
the dpl-1(n3316) mutant was not background, because all
detectable signal was abolished in lip-1(zh15) mutants or when
a sense probe was used (Fig. 3A). We also found that lip-1
expression in a series of dpl-1 mutants decreased with
increasing severity of the dpl-1 mutation (Supplementary Fig.
3). Thus we concluded that DPL-1 is required for normal lip-1
mRNA levels in the germ line. This result suggests that lip-1
mRNA levels might not be exclusively regulated by DPL-1,
because lip-1 expression is not totally abolished in the dpl-1
null mutant. This residual expression could be due to
transcriptional activation by the GLP-1/Notch pathway in the
distal germ line (Lee et al., 2006). Alternatively, maternally
deposited DPL-1 protein from the heterozygous mother might
contribute to lip-1 mRNA levels in the dpl-1(n3316)
background.
Finally, to confirm the in situ findings, we used semi-
quantitative RT-PCR to compare lip-1 mRNA levels in
dissected gonads from wild type and dpl-1(n3316) mutants
(Fig. 3B). Consistent with our in situ data, the relative amount
of lip-1 mRNA present in dpl-1(n3316) gonads was about 25%
of that of wild type, while lip-1(zh15) gonads displayed even
lower lip-1 mRNA levels, about 10% of that in wild type.
Together, these results strongly suggest that DPL-1 regulates
lip-1 transcripts levels in the germ line.
LIP-1 protein is absent in the germ line of dpl-1 mutants
To assess whether LIP-1 protein levels were also lower in
dpl-1 mutants, we stained dissected gonads with an affinity-
purified LIP-1 antiserum (Lee et al., 2006). In wild type gonads,
LIP-1 staining was detected as membrane-associated puncta
from the transition zone throughout the entire pachytene region,
becoming weaker in diakinesis (Fig. 4 and Hajnal and Berset,
2002). In dpl-1(n3316) mutant gonads, LIP-1 levels were
reduced dramatically, to levels indistinguishable from that seen
in lip-1(zh15) (Fig. 4). The reduction of LIP-1 protein levels in
the dpl-1 null mutant further supports the hypothesis that DPL1
is required for full LIP-1 activity. LIP-1 protein is also not
detectable in the gonads of three non-null dpl-1 mutants, even
though the lip-1 mRNA levels are not reduced as severely as in
the null mutant (Supplementary Fig. 4), suggesting that
translation efficiency of LIP-1 might be decreased if the
mRNA level falls below a certain threshold. Alternatively, the
marked reduction of LIP-1 protein even in the presence of
intermediate lip-1 mRNA levels could reflect the difference in
the sensitivity of detection between the two experimental
approaches.
EFL-1 and LIN-35 have opposite effects on lip-1 mRNA levels
Next, we asked if EFL-1 is also required for normal lip-1
mRNA levels by performing in situ hybridization of gonads
from efl-1(RNAi) animals. We found that severely affected efl-
1(RNAi) animals have morphologically smaller gonads withfewer germ cells, but still contained germ cells of all stages,
including oocytes and sperm. In these severely affected gonads,
the in situ hybridization exhibited little to no detectable lip-1
staining (Fig. 5A). More mildly affected gonads exhibited a
milder reduction in lip-1 mRNA levels (Supplementary Fig. 5).
This result suggests that the EFL-1 activity is required for lip-1
mRNA levels. Because we used RNAi to reduce efl-1 activity,
we most likely decreased both maternal and zygotic efl-1
function, causing a stronger effect on lip-1 transcript levels than
observed in the dpl-1 mutant background, which retains
maternally-provided DPL-1 activity.
Finally, we tested whether LIN-35(Rb) has a role in
regulating lip-1 mRNA levels by performing lip-1 in situ
hybridization on gonads from lin-35(n2242) animals. We
found that in the lin-35(n2242) mutant, lip-1 mRNA levels
appeared higher than wild type (Fig. 5A). Moreover, about one
third of the dissected gonads examined showed detectable
lip-1 mRNA more distally than seen in wild type. This result
suggests that LIN-35 functions to downregulate lip-1 expres-
sion in the whole gonad. We therefore extended our analysis to
examine LIP-1 protein expression in lin-35 mutant gonads
(Fig. 6A). We found that lin-35 mutant gonads displayed a
more distal expression of LIP-1 protein, with the characteristic
hexagonal lattice staining of LIP-1 becoming apparent in the
very distal tip of some gonads. We quantified this effect for
both the in situ and antibody staining experiments (Fig. 6B).
This antagonistic function between LIN-35 and EFL-1/DPL-1
is consistent with the demonstrated role for Rb in repressing
the expression of genes regulated by E2F in other systems
(Nevins, 1998).
Fig. 5. EFL-1 and LIN-35 have opposite effects on lip-1 mRNA levels. lip-1
antisense RNA probes were used for in situ hybridization of dissected gonads.
Two gonads are shown in the efl-1(RNAi) panel. Asterisk indicates the distal end
of gonad. All genotypes were stained in parallel with identical hybridization,
color development, and image exposure times. (B) Two EFL-1/DPL-1 con-
sensus motifs are present upstream of the lip-1 translational start site, at −282 bp
and −2017 bp, and one candidate motif previously found upstream of LIN-35
downregulated genes is located at −964 bp.
57B. Lin, V. Reinke / Developmental Biology 316 (2008) 50–61The upstream sequence of lip-1 contains both E2F and
LIN-35(Rb) candidate regulatory motifs
E2F binds to a specific DNA consensus motif commonly
found in the regulatory regions of responsive genes (Lees et al.,
1993). A similar motif has been identified in C. elegans genes
found to be regulated by EFL-1 and DPL-1 in expression
profiling experiments (Chi and Reinke, 2006; Kirienko and
Fay, 2007). We examined the candidate regulatory region
upstream of lip-1 coding sequences to determine if there are
potential EFL-1 binding sites. We identified two such motifs
upstream of lip-1. The first motif is located at −282 bp
upstream of the start codon, consistent with the previousobservation that many EFL-1-responsive genes contain this site
within 500 bp of the translation start site (Chi and Reinke,
2006). The second motif is located about 2kb upstream of the
start codon (Fig. 5B).
Interestingly, we also identified a motif in the lip-1 upstream
sequences that is commonly found in genes regulated by LIN-
35 in the gonad (Chi and Reinke, 2006). This DNA motif is
located at −964 bp from the start codon of the lip-1 gene,
midway between the two candidate E2F binding motifs (Fig.
5B). Although we cannot assign biological significance to the
motifs in the lip-1 promoter in the absence of experimental
evidence, their presence suggests that the regulation of lip-1
mRNA levels by EFL-1/DPL-1 and/or a complex containing
LIN-35 could be direct.
Discussion
In this report we provide data supporting two new functions
for the DPL-1(DP) transcriptional regulator in C. elegans germ-
line development. First, we place dpl-1 in a genetic pathway
with mpk-1 to regulate chromosome morphology in pachytene
of meiosis I. Our biochemical data demonstrates that DPL-1 can
serve as a MAP kinase phosphorylation substrate, suggesting
that the genetic relationship between mpk-1 and dpl-1 could be
direct. Moreover, our genetic results indicate that LIN-35(Rb)
also regulates pachytene chromosome morphology in the same
pathway as DPL-1, whereas EFL-1(E2F) does not. Second, we
find that expression of the MAP kinase phosphatase LIP-1
requires DPL-1 and EFL-1, but not LIN-35, activity. Indeed,
LIN-35 could be acting in opposition to DPL-1/EFL-1 to
repress lip-1 expression. Together the data presented here shed
light on the relationship between two major regulatory
pathways that control many aspects of development in many
species.
The role of mpk-1 and dpl-1 in regulating meiotic chromosome
morphology
In mid-pachytene, chromosomes undergo a series of
dynamic events critical for the completion of meiosis, including
synapsis and recombination. In mpk-1 mutants, progression
beyond pachytene is halted and chromosomes become hyper-
condensed and no longer display normal hallmarks of synapsis.
Previously it has not been clear whether the chromosome
morphology phenotype is a downstream consequence of the
pachytene arrest, or whether it is a direct result of the loss of
MPK-1 activity. Our results indicate that these two phenotypes
are separable because the absence of dpl-1 activity in the mpk-1
background improves the aberrant chromosome morphology
phenotype, but does not affect the pachytene arrest phenotype.
Therefore, mpk-1 might regulate chromosome morphology
independently of progression through pachytene via dpl-1 and
lin-35.
Chromosome morphology is fairly normal in a dpl-1(n3316)
mutant, indicating that DPL-1 activity is dispensable for normal
chromosome architecture of germ cell at the mid-pachytene
stage. However, functional DPL-1 protein in the mid-pachytene
Fig. 6. Loss of lin-35 activity results in ectopic LIP-1 expression. A. Gonads dissected from wild type and lin-35(n2242) animals were stained with anti-LIP-1. Three
examples of each genotype are shown. The asterisk indicates the distal end of the gonad; arrowhead indicates the border at which the distal-most LIP-1 puncta are
detected. B. Measurements of the distance from the distal gonad to the border of lip-1 expression (mRNA) or LIP-1 localization as punctae (protein). Error bars
indicate standard deviation.
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chromosome phenotype. One interpretation for this result is that
DPL-1 plays a non-essential role in promoting some form of
chromosome condensation during pachytene (Fig. 7). MPK-1
acts at a specific time to block this activity, possibly through
phosphorylation of DPL-1, to control the amount of condensa-
tion and permit normal pachytene chromosome morphology
and function. Thus, in the absence of activated MPK-1,
continued DPL-1 activity would result in the compact, aberrant
morphology seen in mpk-1 mutants.
The fact that loss of lin-35 activity also has the ability to
improve the pachytene chromosome morphology of mpk-1
mutants, combined with the fact that DPL-1 and LIN-35 have
been shown to physically interact, suggests that DPL-1 and
LIN-35 might be in a complex together that regulates
chromosome morphology. Conversely, loss of efl-1 has littleeffect on chromosome morphology in mpk-1 mutants, suggest-
ing that it is not involved in this process with dpl-1 and lin-35.
Our findings are consistent with the fact that DPL-1 expression
is found in all germ nuclei in the oogenic germ line, whereas
EFL-1 expression is restricted to a brief window in pachytene
(Ceol and Horvitz, 2001; Page et al., 2001). Supporting this
possibility, recent data shows that dpl-1 and lin-35 work
together to control DNA damage-induced germ cell apoptosis,
whereas efl-1 is dispensable (Schertel and Conradt, 2007).
Moreover, dpl-1 and lin-35, but not efl-1, are required to
prevent mis-expression of germ cell determinants in the somatic
tissue of C. elegans (Wang et al., 2005). Therefore, DPL-1 is
likely not acting as part of a sequence-specific transcriptional
regulator to modulate chromosome morphology, but instead has
a novel function whose mechanism is currently poorly under-
stood, but might involve LIN-35.
Fig. 7. Model for mutual regulatory relationship between the Rb/E2F and MAP kinase pathways in the C. elegans germ line. In this model, depending on the place and
time in germ cell development, MAP kinase either controls DPL-1 function or vice versa. DPL-1 can exist in a regulatory complex with EFL-1 to promote lip-1
expression in mid-pachytene. XXX represents an unknown external signal that results in spatially-restricted activation of MAP kinase, possibly through blocking
LIP-1 function. Once cells move beyond reach of the signal, LIP-1 inactivates MPK-1 in the proximal gonad. DPL-1 might also exist in a separate complex with
LIN-35 to promote chromosome condensation. This complex is inhibited by MAP kinase in late pachytene through phosphorylation of DPL-1 to promote normal
chromosome morphology.
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C. elegans LIP-1 belongs to a family of dual-specificity
phosphatases (DUSP) that are known to inactivate MAP kinase
signaling through the dephosphorylation of key serine and
threonine residues in the MAP kinase protein (Berset et al.,
2001). LIP-1 has been previously shown to inhibit MAP kinase
signaling in the developing vulva (Berset et al., 2001), and in
the distal germ line to modulate the extent of proliferation,
despite being at low levels in that region relative to the
proximal germ line (Lee et al., 2006). The high LIP-1 levels in
the medial and proximal regions of the germ line correspond to
the ability of LIP-1 to negatively regulate MAP kinase in germ
cells in diplotene/early diakinesis and permit a brief G2/M
meiotic arrest in oocytes (Hajnal and Berset, 2002). We have
found that lip-1 expression is regulated in the medial germ line
at the mRNA level by the action of EFL-1 and DPL-1. By in
situ hybridization, the downregulation of lip-1 message was
more pronounced in efl-1(RNAi) gonads than in dpl-1(n3316)
mutant gonads, likely because RNAi was able to remove both
maternal and zygotic activity of efl-1, whereas dpl-1(n3316)
homozygous mutants are always born from heterozygous
mothers and carry the maternal contribution of dpl-1 activity.
In our previous expression profiling experiments to identify
regulatory targets of DPL-1 and EFL-1 in the C. elegans gonad
(Chi and Reinke, 2006), we did not detect significant changes
in lip-1 mRNA levels, probably because of the lingering effects
of the maternal contribution of gene activity in the mutant
strains we used. Additionally, the regulation of lip-1 by Notch
signaling in the distal gonad (Lee et al., 2006) might also havedampened the effect of loss of dpl-1 or efl-1 activity. This
observation suggests that DPL-1 and EFL-1 likely regulate
additional genes like lip-1 in the gonad that remain to be
identified.
We found two instances of the worm E2F consensus motif in
the upstream regulatory sequence of lip-1, indicating that its
regulation by EFL-1/DPL-1 is likely to be direct. In particular,
the motif at –282nt, closest to the first exon of lip-1, matches
the consensus sequence defined in Chi and Reinke (2006)
perfectly. Intriguingly, recent work suggests that our observa-
tions are not restricted to the gonad of C. elegans. In mammals,
the E2F transcription factor regulates the expression of several
phosphatases that act to inhibit MAP kinase family members via
E2F consensus motifs present upstream of the open reading
frames (Wu et al., 2007; Wang et al., 2007).
Our in situ hybridization experiments indicate that lin-
35(Rb) activity has a role in limiting lip-1 expression. Although
in situ hybridization is difficult to quantitate, lip-1 levels appear
elevated in lin-35 mutants compared to wild type, and the
domain of expression of lip-1 is detectable more distally. This
observation suggests that LIN-35 has a unique and opposing
function to the EFL-1/DPL-1 transcriptional complex. This
possibility is consistent with extensive data in mammalian
systems, in which Rb binds to E2F and represses its ability to
activate transcription (Nevins, 1998). We do not know whether
LIN-35 directly binds to EFL-1/DPL-1 to limit lip-1 expression
in the C. elegans gonad, or whether the action of LIN-35 is
independent of an interaction with EFL-1/DPL-1, but two
observations suggest that the latter is more likely. First, EFL-1
expression is normally limited to the pachytene stage of meiosis
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more distal germ cells. Second, a separate motif associated with
LIN-35-downregulated genes (Chi and Reinke, 2006) is present
in the lip-1 upstream regulatory region, suggesting that
regulation through this site, rather than through the E2F
consensus motif, is potentially responsible for the LIN-35-
mediated downregulation of lip-1.
Coordinating regulation of germ cell development by two
major pathways
Superficially, our results suggest a scenario in which MPK-1
negatively regulates DPL-1, a protein that promotes expression
of the MPK-1 inhibitor LIP-1. In this case, where MPK-1
activity results in the suppression of its inhibitor, how is a
runaway feed-forward loop avoided? We suggest that DPL-1
exists in two discrete complexes, one in which DPL-1 is
phosphorylated by MPK-1, and one in which it is not. The DPL-
1 complex regulated by MPK-1 is responsible for controlling
chromosome condensation, possibly with LIN-35(Rb), while
the MPK-1-independent complex regulates lip-1 expression, in
conjunction with its heterodimeric transcription factor partner,
EFL-1. Thus, the DPL-1-containing complex regulated by
MPK-1 has a different composition from that regulating lip-1.
Moreover, these two complexes are not likely to be functioning
at the same time during germ cell development. How might the
activities of these two complexes be coordinated? EFL-1
expression precedes MPK-1 activation, and also target genes of
EFL-1 and DPL-1 are expressed more distally than are those of
MPK-1 (Leacock and Reinke, 2006). These facts suggest that
the presence of EFL-1 drives the formation of the transcriptional
regulatory EFL-1/DPL-1 complex to promote expression of
lip-1 and other target genes in early- to mid-pachytene. Once
EFL-1 expression decreases in mid-pachytene, DPL-1 is then
free to function in chromosome condensation, and be regulated
by MPK-1 (Fig. 6). Alternatively, DPL-1 acts in chromosome
condensation for an extended period of germ cell development,
and a subset of DPL-1 interacts with EFL-1 briefly within this
period.
Conclusion
The proper spatial and temporal regulation of MAP kinase
activity is very important for successful germ cell development
in C. elegans. As demonstrated in this report, the restricted
domain of activated MAP kinase in the pachytene region is able
to inactivate the function of DPL-1 in chromosome condensa-
tion, while leaving its ability to act as a transcriptional regulator
with EFL-1 intact. Our work has revealed an underlying
mechanism for how a portion of the pattern of activated MAP
kinase is established: EFL-1/DPL-1-mediated activation of
lip-1 leads to the inhibition of MAP kinase in the proximal
gonad. However, the signal that first activates MAP kinase in
the pachytene stage is still mysterious. Further investigation of
the interface between the conserved MAP kinase signaling
pathway and Rb/E2F regulatory pathway during germ cell
development in C. elegans is likely to shed light on commonmechanisms governing the coordination of diverse develop-
mental decisions.
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